Background Platelet-rich plasma (PRP) has shown promise in the treatment of tendinopathy, including rotator cuff and lateral epicondylitis. Here, we evaluate the effect of PRP on healing in a rabbit zone II flexor tendon model. Methods Thirty New Zealand white rabbits underwent transection and repair of the second and fourth flexor digitorum profundus. Half of the rabbits received autologous PRP intraoperatively, while the other half underwent standard fourstrand tendon repair. Tendons were examined at 2, 4, and 8 weeks postoperatively. Range of motion and ultimate tensile strength were assessed on the fourth toes, while second toes underwent histologic analysis with hematoxylin and eosin, Masson Trichrome, and Picrosirius Red, for assessment of cell count, collagen content, and collagen maturity. Results There were no significant differences in ultimate tensile strength between treatments at 2, 4, or 8 weeks. There was a trend towards lower tensile strength in the PRP group at 2 weeks. There was no statistically significant difference in excursion or range of motion between PRP and control tendons. Cell counts at 4 weeks were statistically significantly reduced in the PRP tendons as compared to controls. No difference in collagen content or maturity was detected.
Introduction
Zone II flexor tendon repair remains a surgical challenge due to the complex anatomy in the region. In this zone, both the flexor digitorum profundus and flexor digitorum superficialis must glide within a synovial sheath through a series of fibroosseous pulleys. Any disruption in gliding, including scar tissue or excess surgical knots can negatively impact a patient's postoperative function. Early active and passive motion has been shown to improve healing and reduce adhesions [6, 10, 19] . However, overly aggressive early mobility puts the repair at risk for failure, with many failures occurring within the first 3 weeks [42] . Earlier work has focused on optimizing mechanical properties of repair techniques and rehabilitation. Previous work on gap formation at the repair site demonstrated that gapping prevents the accrual of strength and stiffness [15] . As a result, stronger suture constructs with more strands across the repair site have been shown to improve the strength of repairs [13] . Increasing the number of strands also causes additional damage to the tendon, adds bulk, increases technical difficulty, and may cause nutritional compromise thereby impairing healing [38] . Continued improvement in flexor tendon repair may therefore depend on biologic adjuvants to tendon healing [37] .
A number of growth factors have been investigated with the goal of stimulating intrinsic tendon healing and enhanced tensile strength while preserving tendon gliding properties and preventing adhesion formation. Platelet derived growth factor (PDGF) acts to stimulate production of hyaluronic acid and fibronectin, two factors that appear to be important in promoting the gliding of flexor tendons [20, 39] . PDGF has also been shown to stimulate collagen deposition in tendons, which in turn might increase tensile strength [43] . Vascular endothelial growth factor (VEGF) is found in synovial fibroblasts and its expression has been shown to increase after flexor tendon injury [5, 44] . IGF-1 has also been found to stimulate type I collagen production, and to be a mitogen for a wide variety of cell types, including but not limited to fibroblasts, chondrocytes, and osteoblasts, and is also expressed at high levels during flexor tendon healing [9, 20, 22] . Basic fibroblast growth factor (bFGF) is bound to cell surfaces and the extracellular matrix, and is released when heparin proteoglycans are degraded [20] . It causes proliferation and migration of keratinocytes, stimulates fibroblasts to produce collagenase, and stimulates proliferation of capillary endothelial cells. Transforming growth factor (TGF-β) has been linked to increased collagen deposition [24] . Inhibition of TGF-β can reduce scarring and fibrosis [4, 8] .
Platelet-rich plasma (PRP) contains many of the growth factors thought to be important in tendon healing, including PDGF, IGF-1, TGF-β, VEGF, bFGF, and EGF [2, 20] . PRP is appealing for clinical application as an inexpensive source of growth factors. Because they are autologous, there is no concern for immunologic response. PRP is already widely used in orthopedics for treatment of musculoskeletal injuries [2] . Clinical applications for PRP include rotator cuff repair, Achilles tendon repair, Achilles tendinopathy, and lateral epicondylitis; however, the efficacy of PRP is controversial [3, 7, 11, 12, 17, 26, 30, 31, 33, 35] . We sought to assess the potential benefit of PRP in zone II flexor tendon repair. We hypothesized that PRP would increase tensile strength while minimizing scar tissue and inflammation.
Materials and Methods
All rabbit experiments were performed with procedures approved by our Institutional Animal Care and Use Committee in accordance with National Institutes of Health guidelines for animal research. All institutional and national guidelines for the care and use of laboratory animals were followed. One fellowship-trained hand surgeon performed all tendon repairs.
Animal Model
We performed a controlled trial of intraoperative application of autologous PRP prepared with a commercially available kit (Arthrex, Naples, FL). Rabbits were randomly assigned to treatment and control conditions, and two toes per rabbit were incised and repaired. Quantitative mechanical testing was performed on the fourth toe to assess outcomes of tendon tensile strength and range of motion.
Quantitative histological analysis was performed on the second toe to measure cellularity, collagen deposition, and collagen maturity.
A total of 37 New Zealand White rabbits weighing 3.0-3.5 kg were used in the study.
Preparation of PRP
In both groups, the auricular artery was cannulated intraoperatively and 5 mL of blood was drawn into a double syringe system. In control rabbits, blood was discarded. The syringe was centrifuged at 1,300 rmp for 5 min. The supernatant was then drawn into the inner syringe, which constituted our PRP. Prior to skin closure, 0.25 cc PRP was dripped directly onto the tendon. After skin closure, another 0.25 cc PRP was injected subcutaneously into the repair site. All PRP was used within 30 min of preparation.
Surgical Technique
All rabbits were anesthetized with ketamine 30-35 mg/kg and xylazine 5 mg/kg. Anesthesia was maintained with isofluorane 1-5 % as needed. The left front paw was shaved, prepped, and draped. A digital block was performed by infiltrating 0.25 % bupivacaine into the radial and ulnar web spaces of the second and fourth digits. Fourth toes were incised and repaired first, followed by the second toe. A longitudinal incision was made on the plantar aspect of the left forepaw over the A1 pulley. The flexor tendon sheath was identified and incised between the A1 and A2 pulleys, and the deep flexor tendon identified, isolated, and sharply transected. Tendons were immediately repaired using a four-strand technique with 6-0 prolene suture, with a modified Kessler suture technique augmented with a figure of eight suture. In the treatment group, 0.5 mL of autologous PRP was applied to the repair site. Blood was also drawn from the control group rabbits and discarded. Wounds were closed using buried interrupted absorbable sutures, and sterile dressings were applied.
Postoperatively, a 25-μg-per-hour fentanyl patch was applied to the ear and buprenorphine 0.02-0.05 mg/kg was administered. Forelimbs were immobilized with a bulky dressing and volar splint for a total of 2 weeks postoperatively and rabbits were allowed to roam freely in their cages. Rabbits appearing to be in pain postoperatively were given meloxicam 0.1-0.2 mg/kg as needed. Rabbits were sacrificed at 2, 4, or 8 weeks postoperatively. Repairs found to be ruptured at the time of analysis were replaced in order to ensure five animals per time point. The left forepaws were harvested at 2, 4, and 8 weeks after surgery. Five contralateral paws from control group rabbits were arbitrarily chosen and harvested. The FDP of the fourth digit was incised and repaired on the day of testing for a day 0 control group.
Biomechanical Analysis
All mechanical testing was performed during the day of sacrifice. Tissues were stored at room temperature after harvest. Forelimbs were amputated at the mid-forearm. The fourth digits were left intact while the remaining digits were carefully removed from the paw. Toes were mounted onto a custom testing jig as previously described using k-wires through the metacarpals and clamps ( Fig. 1) [41] . The metacarpophalangeal (MP) and interphalangeal joints were freely mobile. A 0.45-N weight was sutured to the distal end of the toe to achieve full extension. A 4.4-N weight was then sutured to the proximal end of the flexor digitorum profundus tendon and allowed to hang to gravity to produce flexion.
Weights were applied only once so as not to loosen scar tissue. Tendon glide was assessed with measurements of tendon excursion from the A1 pulley using a microcaliper. Digital photographs were taken of each toe in flexion. Angular range of motion (ROM) over the MP and proximal interphalangeal (PIP) joints was measured on the photographs by two of the coauthors, in an independent, blinded fashion.
Tendons were then dissected free from the sheath and surrounding peritendinous scar. The ultimate tensile strengths were determined using a custom materials testing system. An R2000 hexapod robot (Mikrolar, Boston, MA) was used to distract the tendon at a constant velocity of 0.2 mm/s (Fig. 2) . The force was recorded with an in-line LCFD-10 (Omegadyne, Sunbury, OH) load cell, with a reported accuracy of ±0.067 N.
Histological Analysis
Histological analysis was carried out for 2-and 4-week tendons only. Sections of intact second toes were prepared by our institution's histology core in a standard fashion. Sagittal sections at a thickness of 5 μm were made. Sections from each specimen were stained with hematoxylin and eosin (H&E), Masson trichrome, and Picrosirius Red (PSR) ( Fig. 3 ). Sections were analyzed with a Leica DM2500 microscope (Wetzlar, Germany) and digitized with a SPOT Insight 4 digital camera using SPOT Advanced software (SPOT Imaging, Sterling Heights, MI). A polarizing filter was used to enhance collagen birefringence of PSR-stained slides.
Quantitative analysis was carried out using public domain ImageJ software [21] . Cell counts were performed on H&Estained specimens at ×630 magnification for five highpowered fields per specimen, distributed throughout the tendon scar. Collagen quantification was carried out at ×50 magnification. One trichrome-stained section per specimen was deconvoluted and thresholded. The scar tissue region of interest was selected and collagen content reported as a percentage of total area (Fig. 4) . Collagen maturity was assessed using PSR-stained sections at ×50 magnification viewed under crossed polarized light. Thick, mature fibers appear as yellow, orange, or red while thin, immature fibers appear green or blue [32] . Images were split into red, green, and blue stacks and scar tissue was selected. Red fibers were thresholded and quantified, and reported as a percentage of the area.
Statistics
Significance was set at alpha = 0.05. Excursion was calculated as a mean distance in millimeters and standard deviation. Range of motion was calculated as a mean absolute degrees and standard deviation, while ultimate tensile strength was calculated as a mean force in newtons and standard deviation. Means for biomechanical data points were compared with t tests.
Means for cell counts were compared using a Student's t test, while collagen content and maturity were compared with the nonparametric Wilcoxon rank sum test.
Results
There were seven repairs found to be ruptured at the time of analysis: two from each of the 2 week control, 2 week PRP, and 8 week PRP groups, and one from the 4 week control group. These seven were replaced so that five rabbits per group in each time point remained for analysis. All rabbits survived to their planned end-point. There were no infections or complications from anesthesia. Fig. 1 Toes were mounted to a testing jig with k-wires and clamps. Tendon excursion from the A1 pulley was measured in millimeters, and a digital photograph was taken to measure metacarpophalangeal and proximal interphalangeal joint range of motion in degrees
Biomechanical Analysis
Biomechanical results are summarized in Fig. 5 . The ultimate tensile strength was significantly increased in both PRP and control groups at 8 weeks as compared to the other time points (p <0.0005 for controls and <0.0001 for PRP). There was no significant difference in ultimate tensile strength between the control and PRP groups at 2 weeks (p =0.30), 4 weeks (p =0.99), or 8 weeks (p =0.69). There was a trend towards lower tensile strength in the PRP group at 2 weeks but this was not statistically significant.
There was excellent interobserver reliability for MP range of motion measurements, with a correlation coefficient (R squared) of 0.85. There was moderate reliability for PIP ROM, with a correlation coefficient of 0.66. There was no significant difference between time points or treatment groups for excursion, MP range of motion, PIP range of motion, or total range of motion. Total ROM trended higher at 2 and 8 weeks in the PRP group, but did not reach significance (p =0.29 and p =0.58 respectively).
Histological Analysis

Cellularity
Cell count per high powered field at 4 weeks was significantly lower in the PRP tendons than for the control tendons (213 vs. 269, p =0.02) ( Table 1 ). There was no significant difference between PRP and control tendons at 2 weeks (p =0.85). Over time, both groups exhibited a significant reduction in cell counts, dropping from 311 to 269 in the control group (p =0.03) and from 314 to 213 in the PRP group (p =0.0005).
Collagen Content
There was no statistically significant difference in collagen content between PRP and control tendons at 2 weeks (p =0.11) or 4 weeks (p =0.37) ( Table 1 ). There was also no difference between treatment groups in collagen maturity at these time points (p =0.66 for both 2 and 4 weeks). In control tendons, the increase in collagen content between 2 and In contrast, collagen content and maturity did not increase in the PRP-treated tendons between 2 and 4 weeks (p =0.21 and p =0.11, respectively).
Discussion
Platelet-rich plasma and the ability to deliver supraphysiologic doses of growth factors and cytokines to a tendon repair have theoretical benefits in tissue regeneration. Plateletrich plasma has been demonstrated to benefit tendon healing in rotator cuff repairs and animal tendon repair models [3, 23, 28, 31, 34] . A recent study by Sato et al. of PRP for flexor tendon repair in a rabbit model demonstrated statistically significant increase in tendon tensile strength from 10.0 to 14.7 N, with addition of PRP-impregnated fibrin matrix at 2 weeks postoperatively as compared to controls repaired without PRP [34] . In the current study, PRP did not improve ultimate tensile strength of zone II flexor tendon repairs as compared to controls at 2, 4, or 8 weeks. In contrast to the findings of the Sato study, at 2 weeks, PRP-treated tendons trended towards decreased tensile strength with an average breaking strength of 9.48 N as compared to 12.26 N for controls.
One possible explanation for the different results is the variation in the PRP preparations. In the study by Sato et al., the PRP was embedded in a fibrin matrix, which allowed for a slow release of growth factors over time [34] . Another popular method of preparation involves a two-step centrifugation process [3, 23, 31, 35] . In a recent study evaluating the effects of different PRP separation methods, Mazzocca et al demonstrated that varying spin processes can affect platelet and white blood cell concentrations [29] . Our PRP was produced in a single, short centrifugation step. While single-step preparation systems (including the one used in the current study) were shown to produce an adequate concentration of platelets for clinical use, it was also shown that the preparations varied considerably in content of white blood cells and growth factors between repeated blood draws on the same individual and between individuals [29] . Another study demonstrated that increasing platelet concentration was associated with increased anabolic signaling, while increased leukocyte concentration is associated with increased catabolic cytokines [40] . The variation in PRP preparation methods, content, and dosing schedule is often cited as a confounding factor when comparing data across studies [1, 7, 18, 25, 36] . We chose the current PRP system for its ease in preparation with a commercial double syringe and single short centrifuge cycle, and its lower current cost for clinical use.
Another goal of the study was to examine the effect of PRP on scar formation and tendon gliding, as measured by range of motion and tendon excursion. Previous work on adhesion formation has identified TGF-β as a key regulator of fibrosis. Suppression of TGF-β both with mannose-6-phosphate or anti-TGF-β antibodies has been shown to suppress adhesion formation and increase flexor tendon range of motion; however, the effect on tensile strength was not evaluated [4, 8] . PDGF-BB has similarly been demonstrated to improve postoperative range of motion and tendon excursion at 3 weeks, without adverse effects on tendon tensile strength [16] . PRP is known to be a source of both TGF-β and PDGF, and PRP has been shown to increase the expression of TGF-β in the first 2 weeks of healing as compared to physiologic levels [27] . We did not observe any significant effects of PRP on range of motion or excursion at any time point, though PRP-treated tendons trended toward greater range of motion at 2 weeks and 8 weeks. These results highlight one difficulty presented by the mixed content of PRP, in that effects may not be easily isolated to individual growth factors. Some of the growth factors may also have opposing effects.
PRP-treated tendons trended towards lower cellularity overall, and this trend was significant at 4 weeks. No distinction was made between cell types, however, and it is unknown whether this reduced cellularity may be attributed to fewer tenocytes, inflammatory cells, or both. Collagen content did not increase significantly between 2 and 4 weeks with PRP, and in that context, the reduced cellularity associated with PRP may be attributable in part to reduced tenocyte or fibroblast content. A recent study by Fernandez-Sarmiento et al. using PRP in the sheep Achilles tendon observed reduced fibroblast densities at both time points as compared to controls [14] . In contrast to the current study, Fernandez-Sarmiento et al. also observed more densely packed collagen and better collagen organization with PRP, and they attributed the Fig. 4 Collagen analysis was carried out on trichrome-stained sections with color deconvolution and thresholding (not shown). The scar tissue area of interest was selected (above) and collagen was reported as a percentage of the area reduced fibroblast content and increased collagen content of the PRP-treated sheep tendons to accelerated healing [14] . While our PRP-treated tendons did not demonstrate statistically significant differences in collagen content or collagen maturity as compared to control tendons, they trended towards reduced healing over time. These trends suggest that PRP does not accelerate and may have even impeded tendon healing.
There are a few limitations in our study. We looked at the effect of PRP on tendon healing and adhesions at 2, 4, and 8 weeks. It is possible that the effects of PRP are more pronounced earlier in the healing process, with a protective Fig. 5 Results of biomechanical analysis demonstrate no difference between PRP and control tendons for ultimate breaking strength (a), tendon excursion from the A1 pulley (b) or total angular range of motion measured as the sum of the arc of motion at the metacarpophalangeal joint and proximal interphalangeal joints (c) CI confidence interval, PRP platelet-rich plasma effect in the early postoperative period. In addition, we tested one PRP preparation and administered a single injection rather than multiple injections or sustained release. Variations in PRP preparation as well as delivery have been demonstrated to differences in concentration of leukocytes, platelets, and growth factors. Lastly, the heterogeneity of PRP preparations limits the generalizability of our results. PRP may still be a viable source of inexpensive growth factors; however, a better understanding of the effects of each growth factor and its interactions with other signaling molecules is required. Only then will it be possible to manipulate the overall anabolic and catabolic activity of the PRP in order to produce a desired outcome. Improvements in PRP preparations and administration methods may lead to more precise concentration of each of these cytokines and potential future clinical applications in flexor tendon repair in the hand.
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